Expression of the antioxidant enzyme EcSOD in normal human mammary epithelial cells was not recognized until recently. Although expression of EcSOD was not detectable in non-malignant human mammary epithelial cells (HMEC) cultured in conventional two-dimensional (2D) culture conditions, EcSOD protein expression was observed in normal human breast tissues, suggesting that the 2D-cultured condition induces a repressive status of EcSOD gene expression in HMEC. With the use of lamininenriched extracellular matrix (lrECM), we were able to detect expression of EcSOD when HMEC formed polarized acinar structures in a 3D-culture condition. Repression of the EcSOD-gene expression was again seen when the HMEC acini were sub-cultured as a monolayer, implying that lrECM-induced acinar morphogenesis is essential in EcSOD-gene activation. We have further shown the involvement of DNA methylation in regulating EcSOD expression in HMEC under these cell culture conditions. EcSOD mRNA expression was strongly induced in the 2D-cultured HMEC after treatment with a DNA methyltransferase inhibitor. In addition, epigenetic analyses showed a decrease in the degree of CpG methylation in the EcSOD promoter in the 3D versus 2D-cultured HMEC. More importantly, 480% of clinical mammary adenocarcinoma samples showed significantly decreased EcSOD mRNA and protein expression levels compared with normal mammary tissues and there is an inverse correlation between the expression levels of EcSOD and the clinical stages of breast cancer. Combined bisulfite restriction analysis analysis of some of the tumors also revealed an association of DNA methylation with the loss of EcSOD expression in vivo. Furthermore, overexpression of EcSOD inhibited breast cancer metastasis in both the experimental lung metastasis model and the syngeneic mouse model. This study suggests that epigenetic silencing of EcSOD may contribute to mammary tumorigenesis and that restoring the extracellular superoxide scavenging activity could be an effective strategy for breast cancer treatment.
INTRODUCTION
Altered expression of cellular antioxidant enzymes that metabolize reactive oxygen species (ROS) are often dysregulated in human cancers. [1] [2] [3] [4] Such antioxidant enzymes include SODs (superoxide dismutases) that remove superoxide (O 2 À ) and catalase and glutathione peroxidases that neutralize hydrogen peroxide (H 2 O 2 ). The impaired removal of ROS leads to a pro-oxidative environment that favors increased proliferation, survival and oncogenic progression in cancer cells. 1, 5 We recently demonstrated that expression of extracellular superoxide dismutase (EcSOD) is significantly repressed via aberrant DNA methylation in B80% of lung cancers compared with normal lung tissues. 6 DNA methylation is one of the epigenetic mechanisms that has been linked to aberrant gene expression of tumor suppressor genes. 7 As EcSOD is the sole O 2 À scavenger in lungs, the resulting increased in oxidative stress in the tumor microenvironment due to this inactivation of EcSOD expression is expected to contribute to the pathological and malignant progression of lung cancer.
In comparison with the other mammalian SODs that are ubiquitously expressed, EcSOD-gene expression is tightly controlled at a cell type and tissue-specific manner. 8 Considering the cell surface and extracellular localization of EcSOD versus the cytosolic and mitochondrial distribution of CuZnSOD and MnSOD, respectively, the specific expression pattern of EcSOD highlights the differential biological roles of these SODs in tissues. In our previous breast cancer study, overexpression of EcSOD in EcSODnull breast cancer cell lines resulted in an attenuated malignant phenotypes in vitro including decreased growth rate, clonogenic survival and invasion, 9 suggesting a mammary tumor suppressive function of EcSOD. To better understand the role of EcSOD in maintaining the redox homeostasis of the normal mammary epithelial cells and in preventing the oxidative-mediated mammary tumorigenesis, it is essential to assess the expression levels of this antioxidant enzyme in the normal mammary epithelial cells versus the malignant cells. However, our failure in the detection of EcSOD-gene expression in conventionally cultured non-malignant mammary epithelial cells 6 raised the 1 fundamental question of whether EcSOD is expressed in normal mammary epithelial cells.
To further address this expression issue of EcSOD in normal mammary epithelial cells, we performed immunohistochemistry (IHC) staining and have now confirmed the expression of EcSOD in mammary epithelial cells in normal human breast tissue in contrast to our previous in vitro study using cultured cells. This discrepancy suggests that EcSOD expression could be perturbed when cells were cultured as a monolayer in the conventional twodimensional (2D) culture system. The use of three-dimensional (3D) culture system has recently gained momentum in breast cancer studies as it provides a physiologically relevant tissue culture condition to recapitulate numerous histological features of breast epithelium in vivo. These include the formation of acinuslike spheroids with a hollow lumen, apico-basal polarization of cells, and the basal deposition of basement membrane components as well as displaying expression of genes specifically associated with mammary function. 10, 11 The objectives of this study were therefore, to determine the expression of EcSOD in non-malignant mammary epithelial cells using a physiologically relevant 3D-culture system, and to determine the mechanisms underlying differences in EcSOD-gene expression in monolayer culture versus acinar culture as well as in clinically derived human breast cancers. We found that tissue organization was essential for EcSOD-gene expression in nonmalignant mammary epithelial cells and that reactivation of EcSOD-gene expression in the 3D-cultured cells was associated with epigenetic reprogramming. Moreover, 480% of breast tumors examined showed significantly decreased expression levels of EcSOD compared with the normal breast tissues. We have further shown that decreased expression of EcSOD in these breast tumors was associated with DNA hypermethylation in the regulatory region of the EcSOD promoter. In our in vivo metastasis models, animals treated with an adenovirus vector overexpressing the human EcSOD, AdEcSOD, showed a marked reduction of experimental lung metastasis and spontaneous metastasis compared with the empty vector treated mice.
To our knowledge, this is the first study showing the 'plasticity' of EcSOD-gene expression in non-malignant human mammary epithelial cells (HMEC) with a finite life-span under 3D versus 2D-cell culture conditions. The association of EcSOD-gene silencing with the loss of mammary tissue organization in vivo implicates an important role of EcSOD as a mammary tumor suppressor. Therefore, further defining the importance and mechanistic role of EcSOD in suppressing breast cancer progression will be important in developing new therapeutic interventions for this disease.
RESULTS

EcSOD expression is absent in 2D-cultured HMEC
To determine the role of EcSOD in breast cancer development, we assessed expression levels of EcSOD in cultured non-malignant mammary epithelial cells. As shown in Figure 1a , EcSOD mRNA expression was not detectable either in the HMEC or the MCF-10A cells in comparison with MRC5 human lung fibroblasts and the primary cultures of human airway epithelial cells. However, IHC staining revealed definitively positive staining for EcSOD in normal breast tissues, specifically in mammary epithelium of the lobules (Figure 1b ). These observations suggest that although normal mammary epithelial cells demonstrated robust expression of EcSOD in vivo, culturing the cells in vitro somehow resulted in the loss of EcSOD-gene expression.
EcSOD-gene expression is reactivated in 3D-cultured HMEC To test the effect of culture conditions on EcSOD-gene induction, we propagated HMEC in a 3D condition and EcSOD mRNA expression was indeed activated as early as 5 days of culture, and its mRNA expression continued to accumulate until 10 days of culture (Figures 2a and b) . Intriguingly, the expression of EcSOD significantly and dramatically decreased in a time-dependent manner after sub-culturing the 10-day 3D acini back into the 2D cultures (Figures 2c and d) . We have further shown using immunofluorescence confocal microscopy that the 3D-cultured HMEC formed organized, differentiated and polarized acinar structures as indicated by the integrin-alpha 6 (ITG-a6) staining on the basolateral surfaces and the beta-catenin (b-catenin) labeling in the apical cell-cell junction (Figure 2e ). In contrast to the 2D-cultured HMEC, EcSOD protein expression was detected in the 3D HMEC acini after 10 days of culture (Figure 2e) . These data clearly demonstrate a stimulating effect of the laminin-enriched extracellular matrix (lrECM) on EcSOD-gene expression. Furthermore, this EcSOD-gene re-activation by lrECM is specific to the non-malignant mammary epithelial cells as culturing the breast cancer cell line MDA-MB231 in the 3D culture did not induce expression of EcSOD (Figure 2f ). An EcSOD-expressing stable cell line of MDA-MB231, Ec.20, was generated and a strong immunofluorescence staining for EcSOD was detected in this cell line (Figure 2f ).
3D-cultured HMEC display lower levels of DCFH oxidation compared with cells in monolayer culture To determine whether levels of oxidative stress vary when HMEC are cultured under 2D versus 3D-culture conditions, we labeled cells with an oxidative-sensitive fluorescent probe, DCFH. Increased DCFH oxidation was observed in 2D-cultured HMEC in comparison with the 3D-cultured cells as shown by flow cytometry analysis in Figure 3a (mean fluorescence intensity of 2102 in 2D HMEC versus 189 in 3D HMEC). An oxidation-insensitive version of this probe that controls for dye uptake, esterase cleavage and efflux showed no difference in signal intensity, indicating that the differences in signal observed between 2D and 3D cultures was specifically due to oxidation of the probe (data not shown). This indicates that propagating the non-malignant mammary epithelial cells as a monolayer culture resulted in a heightened oxidative stress and this could in part be attributed to the loss of EcSOD expression.
EcSOD-gene silencing in 2D-cultured HMEC is associated with promoter DNA hypermethylation To determine whether epigenetic regulation participates in transcriptional regulation of the EcSOD gene in the 3D versus 2D-cultured HMEC, we treated 2D-cultured HMEC with a DNA PCR products were visualized on 2% agarose gels with ethidium bromide staining. As HMEC are derived from reduction mammoplasty from individual patients, we have also obtained two additional lots of HMECs and we were able to replicate the plasticity of EcSOD mRNA expression in 3D versus 2D culture conditions. (c) After 10 days of culture in 3D conditions, HMEC acini were extracted, suspended in a single-cell suspension and plated in 2D-culture conditions. Cells cultured in 2D conditions for 3 days were subsequently trypsinized and re-plated in 2D condition for a total of three passages (p1-p3). Total RNAs were harvested at each 2D passage. The activation of EcSOD gene expression in the 3D-cultured HMEC was dramatically decreased when cells were subsequently cultured in 2D condition as indicated by the real-time qPCR analysis. 18S was used as a control for all qPCR analyses. Three separate experiments of triplicates were performed and only the representative results from one experiment were plotted in (a) and (c). methyltransferase inhibitor, 5-Aza-dC and a histone deacetylase inhibitor, trichostatin A (TSA). As shown in Figure 3b , in comparison with the untreated cells, there was a significant induction of EcSOD mRNA expression in 5-Aza-dC-treated HMEC, while there was only a slight increase in EcSOD mRNA expression in TSA-treated cells. To further confirm the association of cytosine methylation with transcriptional silencing of EcSOD in 2D-cultured HMEC, we performed a combined bisulfite restriction analysis (COBRA). Figure 3c illustrates that there was a higher degree of unmethylated EcSOD promoter in the 3D-cultured HMEC in comparison with a greater methylated status in the 2D-cultured cells. In addition, we also conducted sodium bisulfite sequencing to further analyze the 18 CpG sites at the 5 0 -end of the EcSOD gene as previously described. 6 The methylation profile of the EcSOD promoter presented in Figure 3d shows a predominantly hypermethylated status in 2D-cultured HMEC, whereas the 3D-culture HMEC possess a hypomethylated EcSOD promoter. These results clearly demonstrated that transcriptional silencing of EcSOD gene in 2D-cultured HMEC is associated with cytosine methylation and this process is reversible when we cultured the cells in a 3D condition.
EcSOD expression is significantly downregulated in clinical breast cancer tissues and its mRNA expression levels correlated inversely with clinical stage We next sought to determine the expression levels of EcSOD in clinical breast cancer samples. As shown in the representative pictures of EcSOD IHC staining in Figure 4a , we detected a strong and definitive EcSOD protein expression in mammary epithelial cells in the benign lobule. In contrast, the immunoreactivity of EcSOD is greatly reduced in the high-grade ductal carcinoma in situ and invasive breast cancer. The intensity of the IHC staining for EcSOD in normal versus neoplastic breast tissues was semiquantified and shown in Table 1 . To further investigate whether impaired EcSOD expression is a common event in breast cancer, we performed a TissueScan Breast Cancer cDNA Array (Origene, Inc., Rockville, MD, USA). As shown in Figure 4b , there was a decrease in EcSOD mRNA expression levels in stage I and a significant reduction in Stage II through IV when compared with the normal tissues (Po0.05). These data clearly indicate that EcSOD is a target for gene silencing in 35/43 human breast adenocarcinomas. Furthermore, COBRA analysis revealed that 4 out of 5 of the tumors examined were more sensitivity to Taq1 restriction compared with the normal breast tissue, indicating a greater degree of CpG methylation in the promoter region of EcSOD in the breast tumors ( Figure 4c ).
Re-expression of EcSOD inhibited the stellate colony formation of breast cancer cells in 3D culture
We then determined the effect of EcSOD re-expression on the 3D morphology of the breast cancer cells. The region of the EcSOD promoter examined within this study spanned from À 550 to þ 100 of the putative transcription start site ( þ 1) and the position of each CpG is labeled 1-18 as described previously. 6 Methylation profile of the EcSOD promoter shows the largely hypermethylated status (gray squares) in 2D-cultured HMEC in comparison with that of the more hypomethylated region (clear squares) in the EcSOD-expressing 3D-cultured HMEC.
AdEcSOD infection significantly reduced the colony sizes and severely impaired the stellate formation in MDA-MB231 cells. As adenoviral-mediated gene expression is a transient overexpression, we generated a stable cell line of MDA-MB231 that overexpresses EcSOD, designated Ec.20. Similar abrogation of stellate formation was observed in the 3D-cultured Ec.20 cells compared with the vector control cell line, Vector.1. A biologically relevant shorter form of EcSOD that carries a deletion in the heparin-binding domain (HBD) was previously shown to have similar inhibition of in vitro growth, clonogenic survival and invasion of breast cancer cells. 9 Here, we have demonstrated that re-expression of EcSODDHBD, both transiently (with AdDHBD infection) and stably (in DHBD.3 cell line) also inhibited the 3D stellate formation of MDA-MB231 cells. Figure 4B ) and COBRA analysis was performed followed by amplification using primers spanning the Taq1 site in the EcSOD promoter. The PCR products were then restricted with Taq1 and analyzed by agarose gel electrophoresis. Samples were numbered 1-6, which correspond to the labeled specimens shown in Figure 4B . The pathological state of the samples are as follows: Sample 1-normal tissue, Sample 2-stage IIA, Sample 3-stage IIA, Sample 4-stage IIB, Sample 5-stage IIB and Sample 6-stage IIIC. UC represents uncut PCR product as a negative control. Taq1-induced cut indicates methylated EcSOD promoter, whereas uncut product indicates unmethylated EcSOD promoter.
Overexpression of EcSOD suppressed experimental lung metastasis of MDA-MB231 cells and prolonged animal survival As EcSOD inhibited the in vitro Matrigel invasion of MDA-MB231 cells partly by suppressing pro-oncogenic heparanase 9 and heparanase expression correlates with aggressive and metastatic behavior of breast cancer cells, 13 we determined whether overexpression of EcSOD will affect metastasis of MDA-MB231 in an experimental lung metastasis model. Figure 6a shows that mice given AdEmpty exhibited metastasis of MB231.luc cells in the lungs of the animals from week 2 to week 8 of the experiment, whereas mice given AdEcSOD and AdDHBD showed much reduced lung metastasis. Photon flux of the lung metastasis was quantified and presented in Figure 6b , 
14 As the full-length EcSOD can be sequestered by ECM components and cell surface proteoglycan, although EcSODDHBD lacks these affinities and hence remains in the circulation, only a moderate increase of plasma EcSOD activity was detected in AdEcSOD-treated animals. To better assess the levels of full-length EcSOD induced in the animals, we treated mice with heparin before blood collection to release most of the bound-full-length EcSOD. Comparable levels of EcSOD protein expression were induced in both the AdEcSOD and AdDHBD-treated groups as shown by LMWH treatment in Figure 6e EcSOD reduced the rate of spontaneous metastasis of mouse mammary adenocarcinoma cells in a syngeneic mouse model We next determined whether EcSOD will inhibit spontaneous metastasis of breast cancer cells from established primary tumors. . from two independent experiments with ten mice per group. P-values were calculated using two-sided Student's t-test. (c) Survival rate of mock (Control), AdEmpty, AdEcSOD and AdDHBDtransduced athymic nude mice were plotted using Prism stats program (Kaplan-Meier survival) with the days elapsed following tail vein injection of MDA-MB231 luc cells. Survival curve for AdEcSOD and AdDHBD were significantly different (Po0.0005) from both Control and AdEmpty-infected groups. (d) Plasma EcSOD activity levels in mice were evaluate using the WST SOD activity kit. Mice infected with AdEcSOD and AdDHBD showed significantly higher levels of plasma EcSOD activities compared with AdEmpty-treated animals (Po0.0005). P-values were calculated using two-sided Student's t-test. (e) Western blot analysis showing overexpression of both the full-length and truncated EcSOD in AdEcSOD-and AdDHBD-treated animals. Plasma samples were analyzed using either an anti-human EcSOD antibody (top) or an anti-mouse EcSOD antibody (bottom). Low molecular weight heparin (LMWH) was administered intravenously at 1000 IU/kg of body weight to release full-length (FL) EcSOD into circulation and blood was collected from the animals after 30-60 min of heparin treatment. Protein concentration loaded per lane: 2 mg for the detection of human EcSOD (huEcSOD) and 8 mg for the detection of mouse EcSOD (moEcSOD).
DISCUSSION
Rapid loss of tissue-specific functions occurs when epithelial cells are dissociated and cultured as monolayers in the 2D-culture system. Our study herein clearly supports the importance of utilizing the physiologically more relevant 3D-culture substrata in studying the regulation of EcSOD-gene expression in mammary epithelial cells. We initially speculated that perhaps the nonmalignant mammary epithelial cells are devoid of EcSOD as we were unable to detect any EcSOD mRNA or protein expression in HMEC and MCF-10A cells. However, upon further investigation, we detected EcSOD protein expression in normal breast tissues (Figures 1b and 4) . Further supporting the positive expression of EcSOD in normal mammary epithelium in vivo, transcripts of EcSOD were detected in normal mammary gland as reported in the Expressed Sequence Tag Profile of the NCBI database (http:// www.ncbi.nlm.nih.gov/UniGene/ ESTProfileViewer.cgi?uglist ¼ Hs.2420). This discrepancy in the expression status of EcSOD in non-malignant mammary epithelial cells prompted us to reconsider the choice of our cell culture system and explore the use of 3D culture.
The observation that EcSOD is produced in normal mammary tissues is not entirely surprising as a secreted form of SOD has long been identified in bovine milk by Hicks et al., 15 who later suggested that the secreted SOD may have an important role in maintaining the stability of milk proteins by preventing oxidativemediated protein damage. 16 Here, we have convincingly demonstrated the expression of EcSOD in the normal human mammary gland and that luminal epithelial cells are likely the source that secretes this enzyme into milk.
In addition, we have shown that HMEC lose expression of EcSOD when cultured as a monolayer and this alteration is regulated via an epigenetic mechanism where DNA methylation of the promoter region of EcSOD occurs in 2D-cultured HMEC (Figure 3d ). Hypermethylation of CpG islands within the promoter region of a gene is recognized as an important epigenetic mechanism of transcriptional silencing of tumor regulatory genes, in many cases tumor suppressor genes, during cancer development. 17 The fact that EcSOD-gene expression is tightly controlled in a cell type-specific manner 8 and its promoter shows a CpG structure similar to other genes silenced by aberrant cytosine methylation 18 suggests a potential association of epigenetic regulation via DNA methylation with EcSOD-gene expression in mammary epithelial cells. The EcSOD-gene silencing via DNA methylation is a reversible process as lrECM-mediated acinar morphogenesis of the HMEC evoked reactivation of EcSOD-gene expression in the 3D-cultured HMEC.
It is important to note that the HMEC model used in this study was obtained from a commercial source that has undergone stasis or stress-induced senescence. 19 Although these post-stasis HMEC still possess a finite life-span and are non-malignant, they have been shown to have acquired hundreds of transcriptional and epigenetic changes during their selection process. 20, 21 This suggest that loss of EcSOD expression seen in our 2D-cultured HMEC could have initiated during the progression of cells through this stasis challenge and that pre-stasis cells might still retain the expression of EcSOD.
The specific activation of EcSOD-gene expression in the 3D-cultured HMEC shown in this study is intriguing but how alteration of this epigenetic program occurs in response to the changes in the cellular microenvironment is not clear at this point. EcSOD is not the first gene reported to be reactivated in nonmalignant mammary epithelial cells upon lrECM stimulation as the expression of several mammary-specific genes has previously been described as responsive to ECM signaling such as the whey acidic protein (WAP) gene 22 and milk casein genes. 23, 24 That said, this is the first report showing the involvement of DNA demethylation process in the lrECM-induced reactivation of a gene in non-malignant mammary epithelial cells. Although enzymes responsible for active DNA demethylation remain to be identified, TET1 has recently been suggested to regulate hydroxylation of methylated cytosine, which may interfere with DNA methyltransferase 1 activity, leading to a subsequent passive loss of methylation following DNA replication. 25, 26 Although we have not determined the association of 5-hydroxy-methyl cytosine in the promoter region of EcSOD in the 3D-cultured HMEC, EcSOD gene, which is also known as sod3, has been identified as one of the TET1 target genes in murine embryonic stem cells. 27 This 0 suggests that TET1-induced hmC could be involved in the de-repression of EcSOD-gene expression in HMEC acini. The ability of ECM components to promote the functional differentiation of HMEC into polar, acinar structures that leads to the expression of EcSOD likely requires several levels of control. Mechanisms in addition to the epigenetic-mediated chromatin remodeling, such as transcription regulation, are expected to be responsible for EcSOD-gene reactivation. In the case of b-casein expression in non-malignant mammary epithelial cells, lrECM and prolactin, the two key components in the 3D-culture media, regulate transcription of this gene through a cooperative action of chromatin remodeling and recruitment of SWI/SNF to associate with transcription factors such as STAT5 (signal transducers and activators of transcription protein 5), C/EBP b (CCAAT/enhancerbinding protein b), and GR (glucocorticoid receptor). 24 Interestingly, the human EcSOD promoter contains seven STAT5-binding sites, four C/EBP b-binding sites and four-glucocorticoid response elements in the 2500 bp region upstream of the transcriptional start site (Supplementary Figure 1) . In addition, EcSOD promoter also contains seven Rush family (SWI/SNF-related nucleophosphoproteins with a RING finger DNA-binding motif) consensus binding sites (Supplementary Figure 1) . These transcription factors have been shown to be a member of the SWI/SNF complex that facilitates transcription by chromatin remodeling and has also been shown to mediate the ability of prolactin to induce gene expression. 28 This suggests that expression of EcSOD in mammary acini could be activated in a similar pattern as the milk protein and that EcSOD is regulated in a mammary tissuespecific fashion, which was formerly unrecognized.
The observation that the loss of mammary tissue organization (as in monolayer culture of HMEC) promoted epigenetic silencing of EcSOD is also strongly supported and closely reflected in our clinical data where a majority of breast tumors showed significantly reduced levels of EcSOD expression when compared with the normal breast tissues. The region analyzed by the COBRA analysis (Figure 4c ) corresponds to the regulatory site for the transcription factors, SP1/SP3, which have been shown to drive EcSOD expression and that we have recently identified to be hypermethylated in our lung cancer studies. 6 Methylation of the CpG sites in this region interferes with the binding of these transcription factors and creates a more closed chromatin structure, hence leading to a repressive state of EcSOD expression.
Furthermore, tissue array analysis as shown in Figure 4b indicates an inverse correlation of the expression levels of EcSOD with the clinical stages of breast cancer. This implies that loss of extracellular superoxide scavenging capacity as seen in breast tumors that express significantly lowered levels of EcSOD compared with the normal breast tissue is likely be one of the underlying factors that contributes to breast tumorigenesis and metastasis. A critical event in the process of cancer invasion and metastasis is the structural alterations of the basement membrane and ECM components. The primary matrix components of the lrECM or Matrigel are laminin, collagen and heparin sulfate proteoglycan 29 and these structural molecules have been reported to be sensitive to oxidative-mediated cleavage. [30] [31] [32] Therefore, loss of the predominant extracellular antioxidant enzyme in breast cancer cells is expected to promote oxidative stress that compromises the structural integrity of these matrix components and assists breast cancer cells in invading through the physical barrier in the 3D-culture substrata. Here, we have shown that re-expression of EcSOD in an EcSOD-null breast cancer cell line, MDA-MB231, attenuated the formation of stellate structures in the 3D culture ( Figure 5 ). This 3D-induced stellate formation is a hallmark feature of the invasive and aggressive phenotype of MDA-MB231. 33 The reversion of the 3D morphology of the breast cancer cells to a more normal-like rounded structure suggests that EcSOD may have an important role in structural organization during acinar morphogenesis by maintaining redox homeostasis in non-malignant mammary epithelial cells and that gene silencing of EcSOD as seen in neoplastic mammary epithelial cells may promote a loss of proliferative control and induce an invasive and metastatic phenotype. Our in vivo studies further support a role of ROS in promoting malignant progression of breast cancer cells. Overexpression of EcSOD suppressed both the experimental and spontaneous metastasis of breast cancer cells (Figures 6 and 7) . These findings parallel the observation that EcSOD-gene silencing is most prevalent in the more advanced stages of breast cancer (Table 1 and Figure 4b) .
Taken together, this study clearly demonstrates the expression of EcSOD in normal mammary epithelial cells in vivo and in 3D-cultured HMEC. However, when lobular architecture is disrupted, as in breast tumors and in monolayer cultured HMEC, EcSOD gene is silenced through aberrant cytosine methylation. These exciting observations also suggest that increasing the ROS scavenging activity, such as with SOD mimetics, could be explored as a therapeutic strategy for metastatic breast cancer. Further validation of the causal role of EcSOD gene silencing in promoting breast cancer progression and metastasis will therefore be critical in identifying the loss of EcSOD expression as a predictive biomarker for early diagnosis and a novel avenue towards therapeutic interventions.
MATERIALS AND METHODS
Cell culture
Human mammary epithelial cell lines MCF-10A and MDA-MB231 were obtained from the American Type Cell Culture Collection (Manassas, VA, USA). Non-malignant, post-stasis human mammary epithelial cells extracted from reduction mammoplasty, HMEC, were purchased from Cell Applications Inc (San Diego, CA, USA) and used within 10 passages in this study. MCF-10A cells were maintained as recommended by the supplier. MDA-MB231 and a murine mammary carcinoma cell line, 4T1 were maintained in RPMI1640 containing 10% FBS and 1X Pen/Strep. HMEC were cultured in Human Mammary Epithelial Cell Growth medium (Cell Applications Inc.). Normal human lung fibroblasts (MRC5) and normal human airway epithelial cells were cultured as previously described. 6 All cells are maintained at 37 1C, 5% O 2 . For the epigenetic drug treatment experiments, HMEC were seeded at 1 Â 10 5 cells/well of six-well plate in 2D culture. After 24 h of seeding, cells were treated with 4 mM of 5-Aza-2dC for 5 days or 50 ng/ml of TSA for 1 day.
Plasmid constructions and establishment of stable cell lines A firefly luciferase expressing stable cell line, MDA-MB231.luc, was previously generated as described. 34 This stable cell line was used to simultaneously express EcSOD using the following plasmid constructs. The full-length cDNA of human EcSOD was PCR amplified with the following primers: 5 0 -CTGAAGCTTATGCTGGCGCTACTGTGT-3 0 (forward) and 5 0 -TTCTCGAGTCAGGCGGCCTTGCACTC-3 0 (reverse). A truncated form of EcSOD with a deletion in the HBD at the C terminus was also amplified with the same forward primer and the following reverse primer: 5 0 -TT CTCGAGATCACTCTGAGTGCTCCCGCGC-3 0 (reverse). The PCR products were cloned into pcDNA3.1 ( þ ) vector (Invitrogen, Life Technologies, Grand Island, NY, USA). After verification of the sequences, the plasmids containing the full-length and truncated EcSOD were transfected into MDA-MB231.luc cells using Lipofectamine 2000 transfection reagent (Life Technologies, Grand Island, NY, USA). Selection of stable cell clones was carried out in the presence of 400 mg/ml hygromycin in culture media for 14 days. Several clones were selected for expansion and EcSOD expression was verified.
3D culture
Mammary epithelial cell were propagated in 3D culture using the 'on-top assay' as described. 33 Briefly, six-well plates were coated with lrECM or Matrigel (BD Biosciences, San Jose, CA, USA) and 2D-cultured cells were trypsinized. Single cells were seeded at 0.25 Â 10 5 cells/cm 2 for HMEC and at 0.175 Â 10 5 cells/cm 2 for MDA-MB231 in assay medium containing 5% Matrigel for the non-malignant cells and 2% Matrigel for the breast cancer cells. The 3D assay medium is DMEM/F12 containing supplements as described. 35 The 3D cultures were maintained at 37 1C, 5% O 2 and assay medium was replaced every 2 days.
Confocal immunofluorescence microscopy
Immunofluorescence assays were performed as described. 33 In brief, cells cultured on four-chamber slides were fixed with 4% paraformaldehyde. Cells were then blocked, permeabilized and immune-stained against a6 integrin (clone GoH31 at 1/100 dilution, Chemicon, Millipore, Billerica, MA, USA), b catenin (clone 14, 1/50 dilution, BD Biosciences), or EcSOD (1/400 dilution). Cells were then incubated with 1/200 dilution of secondary antibodies conjugated to Alexa Fluor 488 (Life Technologies). Cells were mounted with VECTASHIELD Hardset Mounting medium (Vector Laboratories, Burlingame, CA, USA) containing DAPI for nuclei counter staining. Confocal analysis was performed using a Zeiss LSM 710 laserscanning confocal system (Zeiss, Thornwood, NY, USA). Images were analyzed using NIH ImageJ (NIH, Bethesda, MD, USA) and Adobe photoshop.
Dichlorofluorescein diacetate (DCFH) staining DCFH staining was performed as previously described. 36 Briefly, 2D-and 3D-cultured HMEC were extracted and cellular oxidative status was determined by labeling cells with 1 mg/ml of oxidative-sensitive fluorescent probe (carboxy-H 2 DCFDA, catalog number C400, Molecular Probes, Eugene, OR, USA) for 15 min in HBSS at 37 1C. Cells were then resuspended in HBSS and analyzed using an LSR flow cytometer with the excitation of 488 nm and emission of 530/30 band-pass filter. The mean fluorescence intensity of 10 000 cells was analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). Cell permeable and oxidation-insensitive fluorescent probe (carboxy-DCFDA, catalog number C369, Molecular Probes, Invitrogen, Life Technologies) was also used to normalize for dye retention in cells.
Cell lysate preparation and western blot analysis Cells were isolated from 3D culture and lyzed as described. 33 For 2D-cultured cells, cell lysates were prepared by scrap-harvesting the cells in the same lysis buffer. Western blot analysis was performed as previously described. 37 Antibody dilutions were as follows: rabbit polyclonal antihuman EcSOD, 1/5000; rabbit polyclonal anti-mouse EcSOD, 1/2000; rabbit polyclonal anti-human b-actin (Sigma-Aldrich, St Louis, MO, USA), 1/2000; and goat anti-rabbit IgG-HRP, 1/50 000.
EcSOD activity assay
EcSOD activities in the plasma samples collected from mice were determined by measuring the inhibition of reduction of the water-soluble tetrazolium salt, WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), which produces a watersoluble formazan dye upon reduction with a superoxide anion (Dojindo Molecular Technologies, Gaithersburg, MD, USA).
Immunohistochemistry
Archived formalin-fixed and paraffin-embedded tissue blocks of human breast cancers from 23 patients were obtained from the Department of Pathology at the University of Iowa. Analysis of anonymous tissues with no patient identifiers was approved by and in compliance with Institutional Review Board guidelines. IHC staining of EcSOD in 5 mm sections of tissues on glass slides was performed as previously described. 38 Polyclonal antiEcSOD antibody was used at 1:400 dilution (Enzo Life Sciences, Farmingdale, NY, USA).
RT-PCR
EcSOD mRNA expression was measured using ABI TaqMan primer/probe set as previously described. 6 Real-time RT-PCR reactions were performed according to Applied Biosystems (Carlsbad, CA, USA) conditions on a ABI 7500 Fast machine, and differences in expression were determined as described. 39 Tissuescan breast cancer qPCR array EcSOD mRNA expression in breast tumor samples ranging from normal to stage IV was measured in a 96-well plate using the TissueScan Breast Cancer qPCR Array, plate BCRT102, from Origene, Inc. Real-Time PCR was conducted on an ABI 7000 according to manufacturer's instruction.
Sodium bisulfite sequencing
Sodium bisulfite sequencing for EcSOD was performed as previously described. 39 The 18 CpG sites of the EcSOD promoter examined herein spanned 659 bp from À 544 bp upstream from the transcriptional start site downstream to þ 115 bp. This correlates with nucleotide positions 24796689-24797348 of the February 2009 assembly of the UCSC genome browser. Primers used as previously described. 6 
COBRA analysis
Combined bisulfite restriction analyses employed the same primers as sodium bisulfite sequencing experiment to amplify EcSOD products as described. 6 The amplified products were then restricted with the enzymes TaqI and run on 2% agarose gel. The breast tumor DNAs were purchased from Origene, Inc. 
Experimental lung metastasis
Eight-week-old female athymic nude mice were obtained from Harlan Laboratories Inc. (Indianapolis, IN, USA) . The nude mice protocol was reviewed and approved by the Animal Care and Use Committee of the University of Iowa. As the MDA-MB231 does not produce spontaneous metastasis at an efficient rate when injected at the mammary fat pad of the nude mice, we directly introduced the MDA-MB231.luc cells (2 Â 10 6 cells) i.v. into the lateral tail vein of the animals. Overexpression of either the fulllength or HBD-deleted EcSOD was accomplished by intramuscular injection of AdEcSOD or AdDHBD (1 Â 10 9 PFU/mouse) 3 days before breast cancer cell injection. AdEmpty was used as an adenovirus vector control.
Spontaneous metastasis
A firefly luciferase overexpressing stable cell line of the murine mammary carcinoma cells, 4T1.luc, previously generated using retrovirus vector pQCluc-IN 40, 41 was kindly provided by Dr Michael Henry. Eight-week-old female BALB/c mice (Taconic Farms, Inc., Hudson, NY, USA) were injected with 1 Â 10 4 4T1.luc cells at the 4th right inguinal mammary fat pad. When palpable tumors were detectableB10 days post cell injection, mice were randomly grouped and given AdEmpty, AdEcSOD or AdDHBD (1 Â 10 9 PFU/mouse) via intramuscular injections. After 3 days of adenovirus injection, primary tumors were surgically removed and animals were monitored for metastatic diseases by bioluminescence imaging.
Bioluminescence imaging
The substrate luciferin was injected into the intraperitoneal cavity of mice at a dose of 150 mg/kg body weight (30 mg/ml luciferin), B10 min before imaging. Mice were anesthetized with isoflurane/oxygen and placed on the imaging stage. Ventral and dorsal images were collected for 5-60 s using the IVIS200 imager (Xenogen Corporation, Alameda, CA, USA). Bioluminescence from ROI was defined manually, and data were expressed and quantified using Living Image software as photon flux (photons/s/cm 2 / steradian).
Statistical analysis
To determine the mean survival time, survival curves were plotted using Prism stats program (Kaplan-Meier survival) with the days of death following either the tail vein injection of MDA-MB231 or primary 4T1.luc tumor removal. P-values were calculated for the comparison of the survival curves. For some experiments, a single-factor ANOVA followed by post-hoc Tukey-test was used to determine statistical differences between means. Statistical analyses were assessed using a two-tailed Student's t-test. P-values o0.05 were considered statistically significant.
